The ventilation factor and capacitance used in numerical models to represent ice crystal aggregates directly affects the growth rate of the ice crystal aggregates, and consequently the sink of atmospheric water vapor. Currently, numerical models that prognose ice water content (IWC) and water vapor mixing ratio represent the capacitance and ventilation factor of precipitation-sized particles with simplified geometries, such as hexagonal plates. The geometries of actual precipitation-sized particles are often more complex, and a test of the values being employed is needed. Aircraft observations obtained during a Lagrangian spiral descent through the sublimation zone of a tropical anvil cloud have been used to determine an estimate of combined dimensionless capacitance and ventilation factor for the nonpristine geometries exhibited by ice crystal aggregates. By combining measurements of bulk ice water content, the particle size distribution, and environmental subsaturation, the change in ice water content was modeled throughout the spiral descent and compared with observations of the change in ice water content. Uncertainties resulting from potential systematic biases in the measurements and parameterizations used in the analysis were investigated with sensitivity tests. Most of the uncertainty was related to an assumed maximum potential bias in the measurement of IWC of Ϯ45%. The resulting combined ventilation factor and dimensionless capacitance value was 1.3 (with a range of 0.6-1.9, defined by 68% of sensitivity test trials) for a particle size-weighted mean value of (Sc) 1/3 (Re) 1/2 ϭ 14.9 Ϯ 1.7, where Sc is the Schmidt number and Re is the Reynolds number. Results from commonly adopted combinations of ventilation factor relations and capacitances are compared with the observations presented here, and, finally, surrogate dimensionless capacitances are suggested that when combined with commonly used ventilation factor relations are consistent with the results presented herein.
Introduction
Ice crystal and snow growth rates are commonly computed using growth equations that have been developed using the electrostatic analogy-the distribution of water vapor density around an ice crystal in steady state satisfies Laplace's equation, just as the electrostatic potential around a conductor does. McDonald (1963) and Podzimek (1966) exploited the electrostatic analogy to generate estimates of the capacitance of ice crystals by measuring the capacitances of metal analogs, finding good agreement with some theoretically expected results. This approach has been taken a step further by Chiruta and Wang (2003, 2005) who modeled the capacitance of a multiarm bullet rosette and hollow hexagonal column crystals by utilizing a finite-element technique to solve Laplace's equation. Recently, Westbrook et al. (2008) have modeled the capacitance of synthetic aggregates theoretically by using a random walk approach to model the diffusion of water vapor to the surface of the aggregate. They find that the capacitance of an aggregate is close to half of the value for a sphere. Actual crystal growth rates, measured by Bailey and Hallett (2004) in a static diffusion chamber, suggest that theoretical estimates of capacitance for well-defined objects overestimate the actual growth by a factor of 2-4, because the asymmetries and defects present in actual ice crystals are not taken into account by theoretical treatments. However, their results do suggest that an equivalent capacitance can be derived for ice crystals of differing habits. Deviation from the electrostatic analogy raises the possibility that growth and sublimation may not be symmetric processes, and that the equivalent capacitance may vary slightly for the two processes.
When ice particles are growing or sublimating during freefall, the rate of change of mass and heat transfer is enhanced by the so-called ventilation factor. The relationship for spheres is fairly well known over a large range of Reynolds number (e.g., Pruppacher and Rasmussen 1979) . The situation for ice crystals is less well defined and complicated by the suggestion that particle shape affects this relationship (Ji and Wang 1999) . Additional complications arise from differences in the definition of particle size used in determining the ventilation factor. For instance, Hall and Pruppacher (1976) suggest the ratio of total particle area to perimeter (reduces to diameter for spheres), whereas Ji and Wang (1999) use a maximum particle dimension (or radius in the case of a column). While the definition of particle size may vary for the ventilation factor, it tends to be simply related to the maximum particle dimension for the capacitance. Ventilation factor relationships for spheres and more complex geometries are given as functions of (Sc) 1/3 (Re) 1/2 , where Sc is the Schmidt number and Re the Reynolds number. Generally, the relations are linear functions of this combination of Schmidt and Reynolds numbers, but even those relations that have a more quadratic nature can be well represented by a linear relation over smaller ranges. Measurement of the ventilation factor relations for spheres have been carried out by Thorpe and Mason (1966) and Pruppacher and Rasmussen (1979) . Hall and Pruppacher (1976) suggested a relationship for use with spheroid shapes based on theoretical results. Up to now the ventilation factor relationships for only welldefined ice crystal shapes have been estimated from either modeling (e.g., Ji and Wang 1999) or experiments (Thorpe and Mason 1966) , and no attempts have been made for large ice aggregates.
For cloud-scale and numerical weather prediction models, precipitation-sized ice particles need to be represented by aggregates of ice crystals (e.g., Field and Heymsfield 2003) ; single pristine crystals are not common (Korolev et al. 2000) . The time evolution of model vapor and ice water content (IWC) fields, the frequency with which mixed-phase conditions are predicted, and the structure of the sublimation zone will be strongly influenced by the capacitance and ventilation factor relationship chosen to represent the ice aggregates. If the combined value of capacitance and ventilation factor is too great, then the modeled sink (source) of water vapor to (from) the ice phase will be too efficient. An increased sink of water vapor would result in lowered liquid water contents in mixed-phase conditions, or even a complete absence of liquid water. Additionally, possible implications for dynamical feedback could arise through modification of the sublimation zone (e.g., Forbes and Hogan 2006) .
It is difficult to manipulate and characterize ice crystal aggregates in the laboratory, and to our knowledge only Lew et al. (1986) , who investigated their riming, have attempted to manipulate natural and synthetic aggregates in the laboratory. Therefore, there appears to be no laboratory-determined value of either capacitance or ventilation factor suggested by experimentalists for this "habit." As a consequence, modelers have been forced into choosing a value for capacitance and ventilation factor to represent either ice crystal aggregates or snow. For the capacitance, the choice has typically been to assume values appropriate for a plate (e.g., Rutledge and Hobbs 1983; Rotstayn 1997; Reisner et al. 1998; Seifert and Beheng 2006) or a sphere (e.g., Lin et al. 1983; Ferrier 1994; Wilson and Ballard 1999) . The ventilation factor relationships used to represent snow are generally the Thorpe and Mason (1966) relation (e.g., Rutledge and Hobbs 1983; Rotstayn 1997; Reisner et al. 1998; Wilson and Ballard 1999) or the Hall and Pruppacher (1976) relation (e.g., Ferrier 1994; Seifert and Beheng 2006) . Inspection of ice crystals using in situ probes ( Fig. 1) suggests that the use of such simplified geometries implied by the adopted capacitance and ventilation relations may be inappropriate because aggregates are neither solid nor regular in shape (e.g., Korolev et al. 2000) . Instead, aggregates often appear elongated and are morphologically very different from spheroid or pristine ice crystal shapes. Therefore, the currently adopted choices of ventilation factor and capacitance used in models should be tested.
The first objective of this study is to provide, for the first time, a combined nondimensional capacitance and a ventilation factor appropriate for the ice crystal aggregate observations presented here. Recognizing that measurements made from aircraft are potentially subject to bias, we will also provide a sensitivity analysis of the dependence of our result on any potential measurement bias. Our second objective is more pragmatic and recognizes that the microphysical modeling community must make some assumption about the form of the ventilation factor relationship suitable for ice crystal aggregates. In view of this situation, we will suggest surrogate dimensionless capacitances that, FEBRUARY 2008 F
when combined with commonly adopted ventilation factor relations, are consistent with these observations. The structure of the paper is as follows. In the next section we will outline the appropriate theory and methodology. Section 3 describes the data and the parameterizations most appropriate for these data and highlight potential systematic biases related to those parameterizations that may feed through to the determination of the ventilation factor and capacitance. The results and sensitivity analysis are presented in section 4. A discussion and conclusions are contained in sections 5 and 6.
Theory and methodology
Throughout this study we have made use of the maximum particle dimension for the ice crystal aggregate. The reasons for using this metric are that it is easily obtained from optical array probe measurements and forms the basis of many parameterizations currently in use (e.g., Mitchell and Heymsfield 2005) . As mentioned in the introduction, implicit in the electrostatic analogy is the assumption that diffusional growth and sublimation are symmetric processes. The equation describing the rate of mass change dm(D)/dt of a single ice particle of maximum dimension D through diffusional growth or sublimation is given by
where m(D) is the mass of a single ice particle, t is time, f is the ventilation factor, C is the dimensionless capacitance or shape factor of the ice crystal aggregate (C ϭ 0.5 for spheres, the product CD is the capacitance), S is the supersaturation with respect to ice,
is the latent heat of sublimation, M w is the molecular weight of water, k is the conductivity of moist air, D is the diffusivity of water vapor, R is the universal gas constant, T is the ambient air temperature, and e si is the saturation vapor pressure over ice surface at temperature T. This equation, along with a derivation, can be found in Pruppacher and Klett (1997, their chapter 13) . We have taken the values for the constants used in Eq. (1) from Pruppacher and Klett (1997) and note that Eq. (1) implicitly assumes that the effect of ventilation on heat transfer is the same as that for mass transfer (Thorpe and Mason 1966) . In the following, we have assumed that C is constant throughout the spiral descent for all sizes. Next, assuming that the ventilation factor can be written as
͑3͒
where P and Q are constants and Sc and Re are the Schmidt number (Sc ϭ 0.63) and Reynolds number, respectively. The Reynolds number is defined here as Re ϭ D/, where is the particle fall speed, is the kinematic viscosity, and D is the maximum particle dimension. By integrating over a given size distribution with bin width-normalized concentration N(D), we can obtain the change in IWC experienced by that size distribution for a specific set of environmental conditions, and Eq. (3) becomes
The change in IWC through diffusional growth or sublimation is directly proportional to the first moment of the size distribution [M 1 ϭ ͐ DN(D) dD], and the ventilation factor in the square brackets is now a function of the particle size-weighted value of (Sc) 1/3 (Re) 1/2 , which we will denote as
By converting integrals to summations and using data obtained at discrete altitudes, Eq. (4) becomes
͑5͒
where ⌬IWC 1,n is the change in IWC from the top to the bottom of the sublimation zone under examination measured with a bulk IWC probe. The change in IWC resulting from sublimation is obtained by cumulatively summing the growth rate at each level j from top ( j ϭ 1) to bottom ( j ϭ n), for which the first moment of the size distribution, the thermodynamic variables, the subsaturation with respect to ice, and the elapsed fall time between levels ⌬t j (ϭthe difference in altitude between levels/mass-weighted fall speed) are evaluated at each level.
At this point we need to consider several options for analyzing the data. If there is sufficient dynamic range in the data (specifically ͗ f ͘), then it should be possible to use regression analysis to obtain P, Q, and C. If this is not the case, then some assumptions need to be made about ͗ f ͘. If ͗ f ͘ does not vary much over the sublimation zone, then we can assume ͗ f ͘ j is a constant and use a mean value throughout the analysis. In this case we can rearrange Eq. (5) to give the combined ventilation factor and dimensionless capacitance,
Rather than just using the difference in IWC between the top and bottom of the spiral, we can try to utilize all of the estimates of IWC throughout the spiral descent by finding the ͗ f ͘C that minimizes the following function ⌽:
͑7͒
Because the change in IWC becomes greater lower down in the spiral, this minimization naturally weights the solution to the larger differences lower in the spiral.
The values obtained for ⌬t j are subject to the accuracy of the parameterizations used to obtain particle mass and fall speed, ⌬t j ϭ ⌬h j /( m ) j , where ⌬h j is the altitude difference between levels and
is the massweighted fall speed, appropriate for this level. The sensitivity of the results to the potential systematic errors in the parameterizations used-⌬IWC, relative humidity, and the first moment of the size distribution-will be explored in section 4.
Data a. Lagrangian spiral descent
In this paper we present, for the first time, an estimate for the combined effect of the ventilation factor and capacitance of ice crystal aggregates based on the analysis of aircraft observations made in the anvil of a tropical convective continental-based storm. The flight strategy followed the Lagrangian spiral descent philosophy in which the aircraft is allowed to drift with the wind as it descends at a rate close to the mass-weighted fall speed of the ice crystal aggregates (defined in the previous section). The intention of this maneuver is to
repeatedly sample the same collection of ice crystals as they fall through the atmosphere, allowing the observation of the evolution of the ice particle size distributions (PSDs). By carefully measuring the ice PSDs, IWC, ambient temperature, pressure, and relative humidity, we are able to predict the observed change in IWC from the measured environmental conditions and the PSD through the appropriate choice of combined ventilation factor and capacitance. Using aircraft data to determine microphysical parameters is challenging, but the result of this analysis will only be affected by systematic measurement biases and not by random errors resulting from natural variability inherent in the observations [random errors tend to cancel out because of the linear form of the rate of change of the IWC equation; Eq. (5)]. Therefore, some effort will be invested in investigating the impact of potential systematic biases on the final result. The data were obtained between 2124:10 and 2147:30 UTC 26 July 2002 with the University of North Dakota Citation aircraft as part of the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE) project (Jensen et al. 2004) . The aircraft sampled the anvil part of a convective storm performing a Lagrangian spiral descent at a rate of 1.5 m s Ϫ1 between 450 and 550 mb (from Ϫ12°t o 0°C), which is well below cloud top. The storm was propagating toward the northwest over the west coast of Florida. The Geostationary Operational Environmental Satellite-8 (GOES-8) infrared imagery suggests cloud-top temperatures between Ϫ60°and Ϫ70°C at the time of sampling, and the aircraft was located in stratiform cloud (the anvil) about 40 km downwind of the convective centers as defined by the location of the Ͼ40-dBZ radar reflectivities. During most of the sampling period the air was subsaturated with respect to ice, and so IWC was being reduced as the ice particles sublimated. Figure 2 shows the aircraft flight track in the period of interest in geographic (Fig. 2a) and airrelative coordinates (Fig. 2b) . The altitude difference between consecutive loops of the spiral was ϳ200 m. For subsequent analysis the data were divided into four regions, as depicted in Fig. 2b . The regions each contain 30-35 s of flight track or from six to seven 5-s averaging intervals (ϳ3-km flight track) arranged in discrete vertical intervals. For each 30-35-s period we produced a mean and standard deviation to represent the horizontal variability obtained from the six to seven 5-s intervals.
b. Particle treatment
The PSDs, using maximum particle dimension, are derived from combining data from two optical array probes-a Particle Measuring Systems two-dimensional cloud (2D-C) (Knollenberg 1970; 30-960- Lawson et al. (1993)] . Particles smaller than 100 m were ignored because of difficulties with determining the particle size and appropriate sample volume (Strapp et al. 2001 ). We have not made use of data from the Forward Scattering Spectrometer Probe (FSSP) to assess the effect of particles smaller than 100 m, because of difficulties introduced by particles shattering on the housing of the probe and contaminating the FSSP signal (Field et al. 2003) . The 2D-C and HVPS have pixel resolutions of 30 and 200 ϫ 400 m, respectively. The 2D-C has a maximum array width of 960 m, but it is possible to reconstruct partially imaged particles. This was done for the 2D-C following the method described in Heymsfield and Parrish (1978) . Only complete images were used in the analysis of the HVPS data. Particles are rejected for the following reasons. For the HVPS, image records were rejected if their area ratios (measured pixel area/area of best-fit circle) were Ͻ0.1, in order to eliminate "streakers" and images where multiple particles are present in a single image record. Because of the width of the HVPS imaging array it is possible for two particles to appear side by side. However, because there is no automatic way to decide if these particles are separate, naturally occurring particles, or shatter products, we have chosen to be conservative and eliminate them. For the 2D-C, to eliminate streakers and multiple particle images, image records are rejected either if their area ratios Ͻ0.1 when the particle size is Ͻ600 m, or if their area ratios Ͻ0.2 when particle size is Ͼ600 m. In addition, the rejection of particles associated with interarrival times of less than ϳ2 ϫ 10 Ϫ4 s was also carried out (this threshold is dynamically determined for every 5 s of data and varies slightly) to remove artifacts associated with the shattering of ice crystals on the probe housing (Field et al. 2006; Korolev and Isaac 2005) . The 2D-C (for D Ͼ 100 m) and HVPS PSDs were joined at 1000 m over 5-s periods. The overlap region between 1000 and 1400 m showed good agreement. Figure 3 shows an example of six 5-s periods and the 30-s mean contained within region III at Ϫ5.5°C, which exhibits variability within each size bin mainly due to cloud structure (2 times the Poisson counting error for the 30-s mean PSD is also shown). Typically, optical array probes are expected to have random sizing errors of one pixel. However, because random errors tend to cancel out, we should consider potential systematic biases caused by undersampling the large end of the size distribution on the estimation of the first moment of the PSD (M 1 ). To include this potential bias we have increased the measured value of the first moment of the PSD in the range from 0% to ϩ30% for the sensitivity tests, as suggested by an extrapolation of the PSD.
c. Ice mass
We have used the IWC as measured by the counterflow virtual impactor (CVI) instrument. The CVI ingests ice particles with sufficient inertia (greater than a 7-m-diameter droplet at ϳ110 m s Ϫ1 ) to overcome the counterflow and measures the water content of the evaporated crystals using absorption hygrometry. The CVI was located 38 cm from the skin of the aircraft on the forward section of the fuselage, where modeling studies showed that airflow and particle trajectories were relatively undisturbed. Deviations in airflow into the unshrouded inlet may have caused some ice crystals to impact inside the CVI inlet. While this could cause the loss of residual nuclei to inlet walls, water from the impacted crystals would still be collected with 100% efficiency and pass through the Lyman-alpha sensor. Therefore, these airflow effects should have no influence on the CVI IWC measurements presented here. The CVI (Twohy et al. 2003) provides an estimate of IWC with an associated potential bias of Ϯ15%. Although the CVI inlet has a diameter of 6300 m, we found that this should not bias the IWC measurement. We arrived at this conclusion by carrying out a simple model analysis to assess the effect of the CVI inlet diameter on the measurement of IWC as described by Heymsfield et al. (2004, their appendix A) . A Monte Carlo approach was adopted to position particles of various sizes and frequencies, consistent with the measured PSD, in three dimensions. A cylinder with the same diameter as that of the CVI inlet and length appropriate for 30 s of sampling was then randomly placed in this volume multiple times to estimate any sampling error. The IWC sampled, assuming that every particle or fraction of particle that lay inside the cylinder was ingested by the probe, was found to be an accurate predictor of the theoretical IWC with a random error of about Ϯ5%, and, importantly, had no bias.
The determination of the terminal velocity of the particles is reliant upon an assumed mass-dimension power law of the form m ϭ ␣D ␤ . Many parameterizations exist for ice crystal aggregates, but we have determined a fit to the data presented here to eliminate potentially large, systematic errors that could be introduced by using preexisting relationships. To find an appropriate power-law fit for the mass-dimension relation, we simultaneously varied discrete values for the prefactor and exponent until we found a minimum root-mean-square difference between 5-s estimates of IWC from the CVI instrument and the IWC obtained from integrating the size distribution combined with the mass-dimension relation. The time series of 5-s values shown in Fig. 4a compares the IWC from the CVI and the integrated PSD and suggests that a mass-dimension relationship of m ϭ 0.024D
1.85 (SI units) provides a satisfactory fit to the CVI data. It appears that the best agreement between the CVI and PSD estimates of IWC occur after the first ϳ400 s of the spiral. Consequently, we have used this region of the spiral (for T Ͼ Ϫ8°C), above the freezing level, for the analysis. Figure 4a also indicates that the fraction of IWC in sizes greater than 1000 m is in excess of 90%, and therefore the fraction of IWC not observed by the CVI because of the small particle cutoff (ϳ7 m) is not significant. Figure 4b shows a histogram of the ratio of IWC derived from the PSD and CVI using the 5-s values for temperatures greater than Ϫ8°C. The mean ratio between the IWC derived from the PSD and that obtained with the CVI (Fig. 4b) is within 1% of unity for the descent (temperature ϾϪ8°C) with a standard error of the mean also of 1%. The scatter in the distribution is due to random variability and is reduced by averaging over longer intervals. In view of the above discussion about potential systematic biases with the CVI measurement of IWC, we have been conservative and varied the CVI IWC by Ϯ45% for the sensitivity studies. This entails varying the prefactor in the mass-dimension relationship by Ϯ45% for consistency with the CVI variation.
d. Fall speed
Mean mass-weighted particle fall speed is required so that the altitude change that is made during the spiral descent can be converted into mean elapsed time. For the particle fall speed we have combined the environmental parameters, the mass-dimension parameterization from above, and the measured mean crosssectional areas for each size bin to estimate the dimensionless Best number [which is directly proportional to the ratio of mass over the cross-sectional area X ϭ (2mgD 2 )/( ␣ 2 A), where a is the air density and A is the cross-sectional area or the particle]. A ReynoldsBest number power-law parameterization (Re ϭ a 1 X b1 ,where a 1 and b 1 are constants) appropriate for aggregates described in Mitchell and Heymsfield (2005) was then used to obtain the appropriate Reynolds number, and hence fall speed, for an ice aggregate of a given size at a given position in the spiral. Figure 5 shows the aggregate crystal data and Reynolds-Best number relationship from Mitchell and Heymsfield (2005) . For the sensitivity analysis we have assumed that the Reynolds-Best number relation is potentially biased by Ϯ30%. This level of systematic error envelopes most of the data points used to derive the Reynolds-Best number relation.
Particle shape is an important aspect for consideration because it contributes toward the cross-sectional area used in determining the Best number. Figure 6 shows a two-dimensional histogram of the mean area ratio [Ar ϭ A/(D 2 /4)] as a function of particle maximum size taken from the 30-s-average PSDs. The mean value of Ar decreases from 0.5 to 0.3 over the extent of the PSD, but for the sizes that mostly contribute to the first moment of the size distribution (D Ͻ 5000 m), and hence to the sublimation rate, the range for Ar is 0.5-0.4. It is difficult to know what the potential systematic bias could be in this parameter, but we have chosen a range of Ϯ30% for the sensitivity tests.
e. Relative humidity
Measurements of water vapor density were obtained with an EG&G chilled-mirror device that is not thought to be adversely affected by the presence of cloud particles. These measurements were combined with temperature measurements to provide an estimate of the relative humidity (RH) with respect to ice and water. Comparison of the EG&G hygrometer relative humidity (5-s values) in liquid clouds during one of the CRYSTAL-FACE flights (9 July) indicates that the mode in a histogram of RH with respect to water was located at 98% (Fig. 7) . This result was obtained for temperatures between Ϫ10°and Ϫ2°C, in regions where the 5-s average of the King Probe liquid water content exceeded 0.1 g m
Ϫ3
, the integrated PSD IWC was less than 0.01 g m
, and the hygrometer was assumed to be reporting the frost point (the aircraft had previously ascended to an altitude where the environmental temperature was Ϫ20°C). It is expected that if liquid water is present, then the RH with respect to water should be 100% (e.g., Field et al. 2004; Korolev and Isaac 2006) . Therefore, it is possible that the combined temperature and chilled-mirror system could be systematically underestimating RH with respect to water by 2%. Measurements from the tunable diode laser hygrometer were not available for the 9 July flight, and so it was not possible to check the calibration of this system with in situ data. Nevertheless, the RH measured by the tunable diode laser hygrometer and chilled-mirror device agreed to within 1% during this descent. For the conditions in the spiral descent presented here, we assume that approximately the same bias seen in the 9 July flight would be present in the RH with respect to ice during this descent. For the sensitivity analysis we have assumed that there is an even greater potential systematic bias in the RH with respect to ice of Ϯ6%. Figure 8 shows mean values for various parameters for each of the four regions as a function of ambient temperature. The horizontal bars represent horizontal variability within the region of interest. This variability is random, and any effects on the sublimation rate tend to cancel out; only systematic biases in these values are important and will be dealt with in the next section. Figure 8a indicates that the cloud was subsaturated with respect to ice at temperatures warmer than about Ϫ12°C, varying from close to ice saturation to 60% RH with respect ice by the bottom of the spiral. IWC shows a decrease from 0.8 to 0.3 g m Ϫ3 in Fig. 8b . Precipitation rate decreases from 6 to 2 mm h Ϫ1 (Fig. 8c) (Fig. 8d) . The characteristic size of the PSD [defined as the ratio between the third and second moments of the PSD, L 32 ϭ ͐ 12000m 100m
f. Descent profiles
, increases from 3000 to 5000 m (Fig. 8e) . The concentration of particles larger than 100 m is shown to decrease by a factor of 10 from 2 ϫ 10 4 to 2 ϫ 10 3 m Ϫ3 (Fig. 8f) . Figure 9a shows example PSDs from region I from three levels (Ϫ8°, Ϫ5°, Ϫ2°C), and the ratio of the PSD (Fig. 9b) at the lower two levels (Ϫ5°, Ϫ2°C) to the top level (Ϫ8°C). It can be seen that while aggregation is acting to increase the concentrations of 5000-10 000-m particles between Ϫ8°and Ϫ5°C, this enhancement has been reduced by the time the particles have reached the Ϫ2°C level. The strong depletion of particles smaller than 5000 m means that the slope of the size distribution becomes shallower and the characteristic size of the distribution becomes larger. It appears that for this case the increase in characteristic size seen in Fig. 8e is mainly a result of sublimation acting on the PSD.
Determination of the combined ventilation factor and capacitance
First, we will assume that the measurements presented here are unbiased and that ͗ f ͘C is constant throughout the descent. To estimate ͗ f ͘C, we extended the summation in Eq. (7) to include all four regions indicated in Fig. 2b and minimized this statistic to find ͗ f ͘C ϭ 1.3. Applying this solution to Eq. (5) allows us to plot a modeled profile of the variation of ⌬IWC to compare with the observations (Fig. 10) . To support our assumption about the constancy of ͗ f ͘C during the descent, we also need to show a profile of ͗(Sc)
1/2 ͘, to which ͗ f ͘ is proportional. Figure 11 shows that ͗(Sc)
1/2 ͘ increases from a value of 11 to 16 between Ϫ8°and 0°C. The linearity of Eq. (5) and the likely linear dependence of ͗ f ͘ on ͗(Sc)
1/2 ͘ implies that the mean and standard deviation will be representative of this variable throughout the descent. Between Ϫ8°and 0°C the mean and standard deviation of ͗(Sc) 1/3 (Re) 1/2 ͘ was 14.9 Ϯ 1.7. We believe that this level of variability affirms our treatment of ͗ f ͘C as a constant in the analysis.
To assess the robustness of our estimate of ͗ f ͘C ϭ 1.3, we carried out a sensitivity analysis where we varied several measured and derived quantities within ranges given in the previous section. Equation (7) indicates that the parameters important to the result are IWC, supersaturation (derived from RH), the first moment of the PSD, and the elapsed time (derived from a Reynolds-Best number power law, mass-dimension power law, and measured particle cross-sectional area). Table 1 gives the parameters that were varied, first individually and then simultaneously, by choosing randomly from uniform distributions within the specified ranges.
The sensitivity of ͗ f ͘C to exploring potential bias in various measurements individually while holding the others at their measured values is shown in Fig. 12 . Figure 12a shows the resulting value of ͗ f ͘C obtained when the measured values of CVI IWC were multiplied by a potential bias factor. Using factors greater (less) than 1.0 implies that the CVI underestimated (overestimated) the actual IWC. Potential bias in the CVI mea- FIG. 7 . Histogram of 5-s estimates of relative humidity with respect to water for a flight on 9 July during the CRYSTAL-FACE campaign using the EG&G hygrometer. Only points where the liquid water content measured by a King hot-wire probe exceeded 0.1 g m Ϫ3 were used. The histogram is expected to peak at 100% in liquid water cloud. surement produce the largest potential changes in the result, ranging from ͗ f ͘C ϭ 2.3 for an underestimate of IWC by 45% to ͗ f ͘C ϭ 0.5 for an overestimate of IWC by the CVI of 45%. Figure 12b shows the resulting value of ͗ f ͘C obtained when a potential bias in RH with respect to ice was added to the measured value. The addition of positive (negative) values implies that the measured RH with respect to ice was underestimated (overestimated). Bias in the measured RH is the next most important variable, potentially leading to a variation in ͗ f ͘C from 0.9 (for an overestimate of RH with respect to ice of 6%) to 2.1 (for an underestimate of 6%). The results for varying the Reynolds-Best number relation used to derive the particle fall speed (Fig. 12c) , the area ratio (Fig. 12d) , and the first moment of the PSD (Fig. 12e ) have less effect, and all show variations in ͗ f ͘C of ϳϮ30% for a similar bias in the measured values. A second sensitivity study was carried out where ͗ f ͘C was found after 1000 uniformly random selections of potential bias factors in the ranges given in Table 1 were applied to the five measurements simultaneously. trials 0.4 Ͻ ͗ f ͘C Ͻ 2.8, and that for 68% of the trials 0.6 Ͻ ͗ f ͘C Ͻ 1.9.
Discussion
The Lagrangian spiral descent makes the assumption that the aircraft is following the same collection of ice crystals as they evolve. Unfortunately, the aircraft was descending slightly slower than the mass-weighted fall speed (1.5 versus 2.1 m s
Ϫ1
). For this descent rate, if the variation is to be unimportant, it imposes a requirement for vertical homogeneity within the cloud to increase linearly throughout the descent to a maximum of 160 m. The horizontal displacement indicated in Fig. 2a also leads to a requirement of horizontal homogeneity over a maximum distance of ϳ500 m. If these requirements are not fulfilled, then any change of the PSD, while dominated by the evolution of the PSD, could be affected by structure within the cloud. The fact that the maximum scale of the horizontal and vertical homogeneity requirements are smaller than both the horizontal extent of the regions, depicted in Fig. 2b , and the vertical spacing between the loops of the spiral suggests that this was not a problem.
An additional problem suffered by the Lagrangian sampling method arises through the variation in particle fall speeds with size. As a result, the Lagrangian sampling method may not be strictly capable of following the same population over such a height range, and thus changes in the ice crystal population could have an impact on the analysis. There is a requirement for homogeneity of the smallest particles in the vertical for about 500 m to account for the fact that particles smaller than 500 m are falling at nearly half of the speed of the mass-weighted mean particles. However, we have seen that the fraction of mass that is found in particles smaller than 1000 m is Ͻ10% (Fig. 4a) , and so this effect is not thought to represent a problem, but is accommodated within the IWC sensitivity analysis.
It was mentioned in the introduction that microphysical schemes representing either ice aggregates or snow make some assumption about the ventilation factor relationship used for these particles. While such a choice may not necessarily be physically appropriate, one objective of this work was to suggest a surrogate dimensionless capacitance that, when combined with an assumed ventilation factor relationship, would produce results consistent with this study. Therefore, we will consider two commonly adopted ventilation coefficient relations: Thorpe and Mason (1966) (P ϭ 0.65, Q ϭ 0.44) and Hall and Pruppacher (1976) (P ϭ 0.86, Q ϭ 0.28). Both of these relations are of the form given in Eq. (2) and subsequently, as described in section 2, Figure 13 shows the values of ͗ f ͘C that are obtained when these two ventilation factor assumptions are combined with the dimensionless capacitance of a sphere (ϭ0.5) or a plate (ϭ1/ ), and assuming ͗(Sc)
1/2 ͘ ϭ 14.9. The Hall and Pruppacher relation combined with a plate assumption comes closest to the result suggested by the measurements presented here, and falls within the bounds defined by 68% of the sensitivity test trials. The Thorpe and Mason relation combined with a plate and the Hall and Pruppacher relation combined with a sphere generate similar values for ͗ f ͘C. While these values are within the bounds defined by 95% of the sensitivity trials, they fall outside the bounds defined by 68% of the trials. The combination of the Thorpe and Mason relation with a sphere generates the highest ͗ f ͘C value, . Between Ϫ8°and 0°C the mean and standard deviation is 14.9 Ϯ 1.7. See Fig. 8 for key. 
FIG. 12. Variation of the combined ventilation factor and dimensionless capacitance ͗ f ͘C in response to assuming bias in the measured variables. (a) The ͗ f ͘C when the measured CVI IWC is multiplied by a CVI potential bias factor and (b) the ͗ f ͘C when a potential bias in the RH with respect to ice is added to the measured RH with respect to ice are shown. (c) Same as (a) except for the Best number-Reynolds number relation used in deriving particle fall speed, (d) same as (a) except for the particle area ratio, and (e) same as (a) except for the first moment of the PSD. and only 0.2% of the trials had a value equal to or exceeding 3.6. Finally, we suggest surrogate dimensionless capacitances that, when combined with the Thorpe and Mason or Hall and Pruppacher relations, result in ͗ f ͘C ϭ 1.3. For the Thorpe and Mason (1966) relation we obtain a surrogate dimensionless capacitance of 0.18 with bounds derived from 68% of the sensitivity trials of 0.08-0.26. Similarly, for the Hall and Pruppacher (1976) relation we obtain a surrogate dimensionless capacitance of 0.26, with bounds of 0.12-0.38. These surrogate dimensionless capacitances will not necessarily represent the true dimensionless capacitances of ice crystal aggregates. The values obtained depend upon the choice of ventilation factor relation. To estimate the true capacitance of ice crystals from aircraft data will require the application of a ventilation coefficient relation that is appropriate for aggregates. One possible way to obtain such a relation may be to combine the synthetic aggregate work of Westbrook et al. (2004) with the flow modeling approach of Ji and Wang (1999) .
Predicted dimensionless capacitance relations for plates (C ϭ l/) and needles with 5:1 aspect ratios (C ϭ 0.22) occupy the range suggested by the sensitivity tests. Although the surrogate dimensionless capacitances obtained for ice crystal aggregates is close to that expected for a plate or prolate spheroid, these particles in no way resemble such simple geometries. As mentioned in the introduction, Westbrook et al. (2008) have used a random walk approach to theoretically determine the capacitance of stationary aggregates. Their results suggest a capacitance of 0.25D-0.28D for a wide range of sizes (aggregates of 3-30 component crystals, with aggregate similar area ratios to those reported here). Static diffusion chamber growth experiments of more complex shapes of comparable size to those presented here are currently being carried out by Bailey (personal communication, 2006) and will provide an independent test of the surrogate dimensionless capacitance value suggested by this aircraft study.
An obvious limitation to this study is that it is just a single case and this analysis has to consider the entire PSD, whereas laboratory measurement and theoretical approaches can focus on particles of a specified size. It may be the case that capacitance will vary as a function of size: small particles exhibit their pristine habits, while larger particles are aggregates. We argue that selfsimilarity exhibited by snowflakes (e.g., Westbrook et al. 2004 Westbrook et al. , 2008 means that the capacitance value obtained in this study may be applicable over a wide range of unrimed precipitation size particles. To test this assertion more observations have to be made either in the laboratory or from aircraft.
Conclusions
Cloud-scale and numerical weather prediction models that predict water vapor and ice water mixing ratios currently make use of ventilation factors and capacitances appropriate for simple geometries. This study reports on the analysis of aircraft data from a Lagrangian spiral descent in the anvil generated by a tropical convective storm as part of the CRYSTAL-FACE campaign where observations of sublimating ice crystal aggregates were obtained. Measurements of the IWC, PSD, and RH with respect to ice were combined to estimate the combined ventilation factor and nondimensional capacitance. The value we obtained is strongly dependent upon the accuracy of the measurements and parameterizations used in the analysis. The most important variable was the IWC obtained with the CVI. We assumed that the maximum potential bias in this measurement was Ϯ45%, which accounts for most of the uncertainty derived from a sensitivity analysis. The resulting combined ventilation factor and nondimensional capacitance value ͗ f ͘C was 1.3 for a ͗(Sc) 1/3 (Re) 1/2 ͘of 14.9 Ϯ 1.7. The sensitivity analysis showed that for 68% of the trials ͗ f ͘C varied between 0.6 and 1.9, while 95% of the trials were bounded by 0.4 and FIG. 13 . Histogram of combined dimensionless capacitance and ventilation factor ͗ f ͘C derived from the sensitivity analysis of 1000 trials. For each trial a potential bias factor was simultaneously chosen, uniformly randomly, from the ranges given in Table 1 for the CVI IWC, RH, Best number-Reynolds number relation, area ratio, and the first moment of the PSD. The arrows denote the values of ͗ f ͘C obtained by assuming either the Hall and Pruppacher (1976) H-P ventilation factor relation or the Thorpe and Mason (1966) T-M relation when combined with the dimensionless capacitance of a plate or sphere. The vertical dotted line shows the result if the measurements are assumed to be unbiased: ͗ f ͘C ϭ 1.3.
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2.8. Of the commonly assumed combinations of ventilation factor relations and capacitance values for ice crystal aggregates, the Hall and Pruppacher (1976) relation, combined with a plate assumption, was most similar to the result found here. The Thorpe and Mason (1966) 
